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Abstract
Methods that can be used to check the health of fish, determine their physiological condition and detect abnormalities at an 
early stage, have been attracting recent attention. The health of fish can be determined by the assessment of stress responses, 
prediction of spawning time, and highly sensitive detection of bacteria that cause diseases in fish, etc. However, it can be 
difficult to accurately measure these parameters due to factors such as sampling errors, uncontrollable aquaculture conditions 
and unsound methodological approaches. Also, the methods currently used are time-consuming and may involve complicated 
processes. Thus, there is a high demand for novel approaches for the assessment of fish health. We have thus focused on the 
development of a biosensor to measure target factors of fish health by combining biocatalytics and electronics technology. 
We believe that this technology can greatly improve the assessment of the health of fish produced for consumption. In this 
article, we described various biosensors that can both rapidly and easily measure indicators of fish health. Future applications 
of these techniques are also discussed.

Keywords Stress monitoring · Spawning prediction · Pathogenic bacteria detection · Health control · Physiology · Living 
environment · Carbon nanotube · 17,20β-dihydroxy-4-pregnen-3-one

Introduction

The dependence on aquaculture for the production of many 
fish species is increasing worldwide due to declines in tra-
ditional fishing industries as a result of increased costs and 
stricter international regulations (Frankic and Hershner 
2003; Asche and Tveterås 2005). The safety and quality 
of breeding fish as an important food source are therefore 
of critical importance in aquaculture (Anderson 2002). In 
aquaculture, a high density of fish is often maintained in a 
single pond to increase production efficiency. However, a 
high density of fish can lead to a deterioration of water qual-
ity due to the accumulation of residual bait and excrement, 
which induces stress and lowers immunity in fish, thereby 

increasing their susceptibility to illness (Naylor et al. 2000; 
Stentiford et al. 2012). Diseases in farmed fish are generally 
treated by the administration of drugs such as antibiotics, but 
there are concerns regarding residues of these drugs in fish. 
New aquaculture techniques that do not rely on antibacte-
rial agents are required for both the health of consumers 
and the sustainable development of the aquaculture industry 
(Cabello 2006; Baquero et al. 2008). For this reason, health 
checks on fish farms are necessary to regularly evaluate fish 
health and detect abnormalities and disease at an early stage. 
Thus, the development of an inspection system for the rapid 
and easy evaluation of fish health is in high demand.

Fish health determination

Recent studies have revealed that the blood glucose con-
centration in fish varies according to the level of stress; 
this concentration can reflect breathing disorders and nutri-
tional status, which can be used as indicators of fish health 
(Fletcher 1984). A decrease in the total blood cholesterol 
concentration is also an important indicator of the ability of 
fish to fight bacterial infections (Maita et al. 1998a, b). In 
addition, changes in cortisol and lactic acid concentrations 
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are important indicators of fish stress (Fromm 1980; Picker-
ing and Pottinger 1989a, b). These measurements are con-
ventionally performed using clinical test kits designed for 
use in humans and require complicated operations, such as 
fish capture, blood collection and processing, and measure-
ment of samples by absorption spectrometry (Wells and 
Pankhurst 1999).

A quick and easy method for predicting the timing of ovu-
lation for the efficient collection of fish eggs is also needed. 
Fish maturation and ovulation are greatly influenced by vari-
ous environmental and physiological factors, making it dif-
ficult to accurately predict the timing of ovulation (Stagey 
et al. 1979; Zeilinger et al. 2009). Blood concentrations 
of the maturation-inducing hormone 17,20β-dihydroxy-4-
pregnen-3-one (DHP) rapidly increase during the egg mat-
uration stage. Accurate detection of DHP concentrations 
would enable the prediction of ovulation in fish (Stacey et al. 
1989). Current detection methods used to quantify steroidal 
hormones, including those using DHP, include liquid chro-
matography and fluorescence detection (Inoue et al. 2002; 
Tschmelak et al. 2004), both of which are complicated and 
time-consuming.

Furthermore, the detection of pathogenic bacteria in fish 
is important in the modern aquaculture industry (Irianto 
and Austin 2002). Rapid detection methods such as flow 
cytometry (FCM) and polymerase chain reaction (PCR) 
were recently developed to identify and measure pathogenic 
bacteria in fish (Chilmonczyk and Monge 1999; González 
et al. 2004). An extremely low number of bacterial cells in 
samples, however, decreases the probability of detection. 
The presence of contaminants other than bacterial bodies in 
samples also hinders bacterial detection.

Biosensors for evaluating fish health

The research and development of biosensors to evalu-
ate the functions of living organisms using electronics 
technology is currently vigorously promoted. Advances 
in electronics technology allow for the measurement 
and detection of specific substances, even in a complex 
environment (Yogeswaran and Chen 2008; Windmiller 
and Wang 2013). Biosensors take advantage of molecu-
lar elements of biological processes such as enzymes 
and antibodies to identify target substances. When bio-
catalysts react with a target substance, they can serve as 
discriminating elements that can cause minor changes in 
parameters such as current, resistance, and heat due to 
the generation and consumption of chemical substances 
(Fig. 1). Biosensors can measure specific target substances 
easily and rapidly by detecting these small changes using 
signal conversion elements such as electrodes and optical 
devices, which transform the changes into electric signals 

(Grieshaber et al. 2008). Due to their high sensitivity and 
specificity, biosensors are currently being developed to 
evaluate fish health.

Over the last few decades, researchers have developed 
and applied biosensor technology to determine fish health 
and establish new diagnostic methods that can greatly 
contribute to its improvement. In an effort to improve the 
safety of cultured fish on the market, various types of bio-
sensors for fish health checks have been developed. In this 
paper, we review some biosensor systems for the measure-
ment of blood components, prediction of ovulation time, 
and detection of pathogenic bacteria in fish, all of which 
are considered particularly important parameters of fish 
health (Fig. 2).

Fig. 1  Principles of a biosensor

Fig. 2  Types of fish health checks that can be achieved with biosen-
sors
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Monitoring stress responses

In human health checks, blood components are indispen-
sable as parameters for measurement. Similarly, in fish, 
concentrations of blood components also indicate health 
to some extent. For example, recent studies revealed that 
changes in blood cortisol and glucose concentrations 
reflect the degree of fish stress, respiratory disorders, and 
nutritional status (Rotllant and Tort 1997; Barton 2000). 
In general, physiological stress in fish induces a primary 
response consisting of concentration changes of hormones, 
such as cortisol and catecholamine, followed by a second-
ary response, consisting of a change in the blood glucose 
concentration caused by metabolic activation of the stress 
hormones (Mazeaud et al. 1977). Factors that contribute 
to the stress response include: physical factors such as 
flow velocity, temperature, and contact; chemical factors 
such as ammonia, nitrous acid, and poisons; and behavio-
ral factors, such as the threat of predation, social activi-
ties of fish, and territorial behavior (Bonga 1997; Gilmour 
et al. 2005). In recent stress-response studies, a change in 
the concentration of cortisol or glucose was commonly 
used as an indicator. Because most of these substances 
are measured by applying human clinical test kits, blood 
extraction of captured fish has to be performed outside the 
aquatic environment (Lowe et al. 1993). These operations 
in themselves are stressful for fish.

Cortisol as a biomarker of the stress response in fish 
has been well studied (Pickering and Pottinger 1989a, b). 
Cortisol stimulates glucose production through gluconeo-
genesis, which increases the plasma glucose concentra-
tion. Pottinger and Carrick (2001) described the plasma 
cortisol profiles and physiological effects in response to 
various stressors in fish. Electrochemical immunoassays 
are highly sensitive, inexpensive methods for evaluating 
biochemistry, and we developed these types of biosensor 
systems to rapidly and easily measure fish cortisol levels 
(Muramatsu et al. 2011; Wu et al. 2015a, 2016, 2017a).

Recently, we developed a new methodological approach 
using glucose oxidase (Gox) as a signal amplifier (changes 
on the electrode surface due to the formation of the anti-
gen–antibody complex) to reliably detect a wider range 
of plasma cortisol levels in fish, as shown in Fig. 3 (Wu 
et al. 2017b). Formation of the antibody–antigen complex 
by a simple one-step immunoreaction (Fig. 3a) between 
the immobilized anti-cortisol antibody and cortisol in 
the sample solution introduces a barrier against direct 
electrical transmission between the immobilized Gox 
and the electrode surface. Due to the barrier effect, the 
output current decreases as a response of the biosensor 
through amperometry, as shown in Fig. 3b. Because this 
response is proportional to the cortisol concentration, we 

can easily calculate the concentration of cortisol through 
the response of the sensor. The calibration curve showed 
a good linear relationship between the rate of decrease in 
the output current and the logarithm of cortisol concen-
tration in standard cortisol solutions ranging from 1.25 to 
200 ng ml−1. Cortisol levels in unstressed fish and stressed 
fish (Fig. 4) could also be measured individually by both 
the proposed and conventional methods. The data obtained 
with the sensor system strongly correlated with the data 
obtained using the enzyme-linked immunosorbent assay 
(ELISA) method in the range of 17.30–183.93 ng ml−1 
(correlation coefficient: 0.962; Fig. 4). Because fish behav-
ior is similar in response to different stressors (e.g. swim-
ming to the surface for fresh air and rapid escape, etc.), it 
is difficult to know which factors contribute to increased 
stress, although stress levels are indicated by cortisol lev-
els. Our proposed biosensor system simply and quickly 
showed the following approximate order of impact of acute 
fish stressors: air exposure > light stimulation > nitrite 
addition > unstressed. Elucidating the approximate order 
of the impact stressors may help to clarify which stressor 
is contributing to an increase in cortisol level in fish, 
which is a good indicator of acute stress. The range of 
the cortisol level in fish plasma ranges from dozens to 
hundreds of nanograms per milliliter. Therefore, given the 

Fig. 3  Measurement basis of the cortisol biosensor. a Formation of 
the antibody–antigen complex. b Response of the biosensor using 
amperometry
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calibration range of the sensor system, plasma samples do 
not need to be further diluted and can be measured directly 
in most cases. Also, measurement using the proposed 
sensor requires only ~ 30 min per sample, including the 
immunoreaction time. The measurement is also achieved 
with amperometry, increasing the simplicity and rapidity 
of detection. Amperometry can be easily performed, and 
in the future this system may be a potential foundation 
for in vivo or point-of-care measurements. We believe the 
electrochemical basis of the proposed biosensor can also 
be used to design a portable device that can be used in 
fieldwork.

Many different factors are considered to be stressors in 
fish. Deterioration of water quality, such as increasing lev-
els of ammonia, might result in chemically induced stress. 
Moreover, social conflict in fish causes a fight-or-flight 
response and affects various stress responses that impair fish 
health. Fish such as Nile tilapia (Oreochromis niloticus) and 
rainbow trout (Oncorhynchus mykiss) are particularly influ-
enced by social stress when housed in a water tank (Bonga 
1997). These factors have long-term effects, so the stress 
response may vary over the long term and is closely related 
to some other indicators of fish health.

In contrast to cortisol, glucose varies in response to 
stress but returns to normal values within 24 h (Silbergeld 
1974). These substances are measured using chemical meth-
ods, which are inexpensive and easy to perform. For rapid 
and simple determination of glucose concentrations in fish 
blood, we developed a needle-type biosensor system (Endo 

et al. 2006). The sensor comprises a hollow needle-type con-
tainer (18-gauge needle), immobilized enzyme membrane, 
and optical oxygen fiber probe with a ruthenium complex 
(Fig. 5). The enzyme membrane was prepared from Gox, 
an azide-unit pendant water-soluble photopolymer, and an 
ultra-thin dialysis membrane. The optical fiber probe com-
prises a thin layer of hydrophobic sol–gel material at the dis-
tal end and a sol–gel matrix containing ruthenium complex 
at the tip. Exposure to light activates the ruthenium com-
plex in the probe tip, causing it to fluoresce with an emis-
sion wavelength of 600 nm. When an oxygen molecule is in 
the vicinity of the excited ruthenium complex, the excess 
energy is non-radioactively transferred to the oxygen mol-
ecule, and the fluorescence signal is thereby quenched. Thus, 
the changes in the intensity of the fluorescence reflect the 

Fig. 4  Correlation between data obtained with the biosensor system 
and the enzyme-linked immunosorbent assay method. Filled circle 
Unstressed, circle air exposure, square light stimulation, diamond 
nitrite exposure, triangle interaction with other fish (Modified from 
Fig. 6b, Wu et al. (2017b) New approach for monitoring fish stress: 
a novel enzyme-functionalized label-free immunosensor system for 
detecting cortisol levels in fish. Biosens Bioelectron 93: 57–64)

Fig. 5  Schematic diagram of the needle-type enzyme sensor system 
(a, b) and images of the detector region (c–e). 1 Needle-type hollow 
container, 2 round holes, 3 immobilized enzyme membrane, 4 opti-
cal fiber probe, 5 ruthenium complex, 6 excitation light source, 7 
spectrometer, 8 personal computer [Modified from Fig. 1, Endo et al. 
(2006) A needle-type optical enzyme sensor system for determin-
ing glucose concentrations in fish blood. Anal Chim Acta 573–574: 
117–124]
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amount of dissolved oxygen in the hollow needle-type con-
tainer. The sensor, which is inserted into the caudal vein of 
the fish, measures changes in the concentration of dissolved 
oxygen inside the hollow container due to oxidization by 
Gox according to the following formula:

We inserted the sensor into test fish (Nile tilapia O. niloti-
cus) to measure blood glucose concentrations. The sensor 
responded immediately after insertion allowing glucose con-
centration change to be monitored. Good correlations were 
observed between values determined using the sensor and 
conventional methods in the range of 48–157 mg dl−1 (cor-
relation coefficient, 0.9474). Blood glucose concentrations 
were measured by immobilizing each fish for about 3 min. 
Once the test is complete, the fish are returned to the same 
water tank, and the sensor cleaned with a buffer solution. 
Good reproducibility was observed over 60 measurements 
without exchange of the enzyme membrane.

Capture of the fish from the water tank using a net so that 
blood samples can be obtained for each measurement may 
cause some unnecessary stress to fish. Because the glucose 
concentrations in fish change in accordance with their stress 
response, real time measurement is highly desirable. It is 
thus difficult to say whether the above sensor system is the 
best way to measure the stress response. Further, it is dif-
ficult to measure blood components in real time because 
the sensor output decreases over time due to blood coagula-
tion and protein (e.g., albumin, γ-globulin) coalescing on 
the sensor. In general, when measuring blood components 
in fish and other animals like humans, the sensor is inserted 
into a blood vessel, blood clotting occurs due to the action 
of coagulation factors such as fibrinogen in the blood as 
the sensor indwell time elapses, and the performance of the 
sensor is notable decreased as a consequence (Endo et al. 
2006). In summary, a minimally invasive sensor system to 
evaluate fish, and a solution that addresses the problem of 
sensor obstruction in the blood, is desired.

To address these problems, we developed some novel 
wireless biosensor systems to monitor the glucose concen-
trations in fish (Endo et al. 2009a, 2010). This type of sen-
sor system for fish is unprecedented, and can obtain real 
time measurements of blood glucose concentrations even 
while test fish swim freely (Fig. 6). The sensor is based on 
a microelectrode composed of platinum–iridium wire and 
silver/silver chloride paste; Gox is immobilized on the detec-
tion part of the electrode. The glucose concentration can 
be determined by measuring the change in the amount of 
hydrogen peroxide generated when the Gox and glucose 
as a substrate undergo an enzymatic reaction on the elec-
trode, as in the formula above. By connecting this sensor to 

D-glucose + O2

Gox
����������������→ D-gluconolactone + H2O2

a waterproof wireless potentiostat, the glucose concentration 
can be monitored in real time by transmitting the output cur-
rent value of the sensor to land by radio waves. For the sen-
sor insertion site, we focused on the eyeball interstitial sclera 
fluid (EISF), the interstitial fluid inside the outer membrane 
of the fish eyeball. There was a good correlation between 
the glucose concentration in the EISF and that in the blood 
(Yonemori et al. 2009; Endo et al. 2009a). Furthermore, 
because the EISF does not contain coagulation factors as 
in blood, its characteristics can be maintained for a long 
time even after the sensor is inserted. We also introduced 
some functional components such as an electron mediator 
(Takase et al. 2012a), a highly conductive material (Takase 
et al. 2012b) and biocompatible polymer (Takase et al. 2013) 
to improve the performance of the biosensor. Some experi-
ments were conducted based on previous experience. We 
used this wireless biosensor system as a new approach for 
monitoring “actual stress” in real time induced by various 
stress factors experienced by fish (Wu et al. 2015b). Real 
time blood glucose levels were monitored in free-swimming 
fish exposed to various chemicals and other stressors to eval-
uate the physiological state induced by each stressor and 
to elucidate how the stress factors affected behavior. In the 
first experiment, we tested the fish response to ammonia, 
nitrite, and nitrate separately with the same reagent con-
centration (25 mg l−1). Two water tanks were prepared with 
either normal breeding water (α) or with reagent added up to 
a concentration of 25 mg l−1 (β). Fish were first acclimated 
to normal breeding water in water tank α for more than 
15 h. After confirming that the sensor output current had 
stabilized, the fish were transferred to water tank β, and the 
glucose levels were monitored. Under natural conditions, the 
ammonia–nitrogen concentration increases in the water due 
to fish waste, the accumulation of dead organisms, and other 
debris from anthropogenic sources such as industry and agri-
culture. In fish, short-term exposure to an elevated ammonia 
concentration leads to increased gill ventilation, erratic and 
quick movements, discontinuation of foraging, and mortal-
ity. The accumulation of nitrite as an intermediate product 
between the conversion of ammonia to nitrate is also toxic 
to fish, and the effects of chronic exposure vary with body 
size, species’ tolerances, and other water quality variables 
(Lewis and Morris 1986). In this experiment, the ammo-
nia and nitrite had strong stress-inducing effects (Fig. 7a, 
b). Although nitrate can also affect fish gas exchange, it is 
not as likely as ammonia and nitrite to induce stress in fish 
(Fig. 7c). Our sensor allowed us to detect not only the reac-
tion of the fish to such chemicals over a period of time, but 
also to obtain real time data, which was not previously pos-
sible using conventional methods.

Using this biosensor, we also tried to elucidate the rela-
tionship between threatening behaviors among fish and the 
stress response (Wu et al. 2015b). When Nile tilapia males 



646 Fisheries Science (2019) 85:641–654

1 3

exhibit threatening behavior towards conspecific males, 
stress is thought to be experienced by the fish, but the actual 
stress factor is not clear. Therefore, we attempted to find 
traces of the stress response in small male fish. The results 
are shown in Fig. 8. Before the experiment, medium-sized 
tilapia swam alone in the water tank. First, a smaller tilapia 
was placed into a water tank in which a medium-sized tila-
pia equipped with a sensor was swimming; after mixing of 
fish for a certain period, the smaller fish was removed from 
the water tank. Next, after leaving the medium-sized tilapia 
to swim alone for 1 night to ensure that the stress response 
value had become constant, a large tilapia—much larger 
than the medium-sized tilapia—was placed into the water 

tank. After mixing of fish for a certain period, the larger fish 
was removed from the water tank. When a small tilapia was 
introduced, the glucose concentration of the medium-sized 
tilapia hardly changed. This suggests that the presence of the 
small tilapia induces little stress in the medium-sized tilapia. 
Next, when the large tilapia was introduced, the glucose con-
centration of the medium-sized tilapia increased remarkably. 
It is assumed that the medium-sized tilapia was under high 
stress when chased by the large tilapia. Our sensor system 
allowed us to monitor the stress response during the fish ter-
ritorial dispute in real time, and to elucidate the relationship 
between threatening behavior and the stress response.

Fig. 6  Schematic diagram of 
the wireless biosensor system 
for fish. 1 Needle-type enzyme 
sensor, 2 waterproof sheet, 3 
wireless potentiostat, 4 nylon 
threads, 5 receiver, 6 personal 
computer, 7 test fish (Nile 
tilapia Oreochromis niloticus) 
[Reproduced from Fig. 1, Endo 
et al. (2009a) Wireless enzyme 
sensor system for real time 
monitoring of blood glucose 
concentrations in fish. Biosens 
Bioelectron 24: 1417–1423]



647Fisheries Science (2019) 85:641–654 

1 3

Estimation of spawning time

In aquaculture, importance is placed on ensuring the system-
atic production of stable and high-quality fish eggs imme-
diately after ovulation to enable fish culture (Matsuyama 
et al. 1991). The establishment of a quick and easy method 
for predicting the timing of ovulation is needed to reduce 
work in fish farms and to efficiently collect eggs. Gener-
ally, maturation and ovulation of fish are greatly influenced 
by various environmental and physiological factors, so it 
is difficult to accurately predict the timing of ovulation. 
Under these circumstances, DHP, a hormone that rapidly 
increases in the blood at the egg maturation stage, may help 
us to predict ovulation (Young et al. 1983; Lou et al. 1984). 
Methods such as liquid chromatography and fluorescence 
detection are usually used for the quantification of steroidal 
hormones including DHP, but these methods require com-
plicated and time-consuming procedures. Biosensor systems 
for the measurement of DHP were developed in our lab for 
rapid and easy estimation of the timing of spawning (Endo 
et al. 2012; Hirai et al. 2013).

Figure 9 shows the basis on measurements for our first 
DHP biosensor (Endo et al. 2012). This system is based 
on the principle of quantifying DHP by analyzing the cur-
rent change on the electrode surface during the reaction 
of DHP and anti-DHP antibody using cyclic voltammetry 
(CV). We measured the electrical current, which changed 
according to the progression of immunoreactions on an Au 

Fig. 7  Stress monitoring of the effects of change in the concentration of 
ammonia–nitrogen compounds. Glucose concentrations (black circles) were 
used for the one-point calibration method. a Ammonia concentration changed 
from 0.25 to 25 mg l−1. b Nitrite concentration changed from 0 to 25 mg l−1. c 
Nitrate concentration changed from 0 to 25 mg  l−1 [Reproduced from Fig. 5, 
Wu et al. (2015b) Fish stress becomes visible: a new attempt to use a biosensor 
for real time monitoring of fish stress. Biosens Bioelectron 67: 503–510]

Fig. 8  Monitoring of the effects of stress on fish behavior in interac-
tions between individual fish. The curve shows the change of glucose 
concentration of the medium-sized tilapia (M). a The small tilapia (S) 
was placed into the water tank, then b removed from the water tank. 
c A large tilapia (L) was placed into the water tank, then d removed 
from the water tank. Glucose concentrations in the blood ~ 3.5  h 
(black circles) were used for the one-point calibration method [Modi-
fied from Fig.  6a, Wu et  al. (2015b) Fish stress becomes visible: a 
new attempt to use a biosensor for real time monitoring of fish stress. 
Biosens Bioelectron 67: 503–510]
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electrode (working electrode) using CV. Because electron 
transfer between the electrode surface and the redox-active 
substance is inhibited by the antigen–antibody complex of 
DHP and the antibody, the oxidation current decreases as 
the DHP concentration increases. We attempted to quantify 
DHP using this system and found a good linear relationship 

between the current of the sensor output and the sensor in 
a concentration range of 7.8 to 500 pg ml−1 (correlation 
coefficient: 0.9967). Next, for application to real samples, 
the DHP concentration in the plasma sample of mature 
fish (goldfish Carassius auratus) was measured and com-
pared with the results obtained by the conventional method 
(ELISA). The correlation between the measurement methods 
was good. Because the amount of DHP in the blood before 
ovulation in actual fish varies from tens to hundreds of thou-
sands picograms per milliliter, however, in the DHP meas-
urement range (7.8–pg ml−1) of this system, dilution of the 
collected plasma samples was required before measurement.

To address this problem, we introduced a carbon nano-
tube (CNT) made of highly conductive material into the 
biosensor (Hirai et al. 2013). The CNT was developed by 
Iijima (1991), and has attracted a great deal of attention as a 
highly effective nanomaterial with various physical proper-
ties. Single-walled carbon nanotubes (SWCNTs) are highly 
conductive substances characterized by a variety of three-
dimensional structures, making conductivity easy to con-
trol. Therefore, by immobilizing SWCNT together with anti-
DHP antibody at the detection part of the above-mentioned 
biosensor, we attempted to expand the measurement of the 
dynamic range of DHP and increase the sensitivity of the 
sensor. A calibration curve was prepared using a DHP stand-
ard sample under this condition, and a good linear relation-
ship (correlation coefficient 0.9827) was confirmed in the 
concentration range of 15.6 to 50,000 pg ml−1, a detection 
range 1000 times greater than the previous one. The devel-
oped sensor was applied to monitor DHP concentrations 
in goldfish plasma. The measurement time of the sensor, 
including the incubation time, is about 15 min. Figure 10 
shows the chronological changes of DHP concentrations in 
goldfish plasma measured by the proposed sensor and the 
conventional ELISA method. In the experiment described 
in each panel, maturation-inducing steroid was adminis-
tered at 0 h, and the measurement was performed every 
3 h. There was a good correlation between the results of 
both methods (proposed sensor system and ELISA). The 
maximum DHP concentration measured using our pro-
posed sensor was 4.31–6.35 ng ml−1 and that by ELISA was 
4.83–7.42 ng ml−1. We confirmed that the DHP concen-
trations increased suddenly before ovulation. This biosen-
sor system allows for the simple and rapid measurements 
of DHP. A rapid increase in the DHP concentration can be 
used to predict ovulation.

Detection of harmful pathogens

The detection of pathogenic bacteria that cause diseases 
in fish is also important in aquaculture. Detection methods 
such as FCM and PCR were developed for this, and enable 

Fig. 9  Methodological basis of the 17,20β-dihydroxy-4-pregnen-3-
one (DHP) biosensor. a Decrease in the current as a result of oxida-
tion due to the antibody–antigen complex, b response of the biosen-
sor using cyclic voltammetry
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rapid and simple measurement of pathogenic bacteria (Chil-
monczyk and Monge 1999; González et al. 2004). These 
are highly sensitive methods, and bacteria in water or soil 
samples can be detected in very small samples (~ 100 μl). 

However, when the number of bacterial cells in the sample is 
extremely low, the probability of detection is also low. Also, 
the presence of a number of contaminants in the sample may 
hinder the detection of bacteria.

Highly sensitive measurement of bacteria can be real-
ized by efficiently separating and concentrating the target 
bacterial cells in a sample. A highly sensitive magnetic sepa-
ration method to concentrate microorganisms in fish sam-
ples, immunomagnetic separation, was developed several 
years ago (Hibi et al. 2006). We combined this method with 
FCM and achieved acceptable detection results (Hibi et al. 
2007, 2008, 2012a). To further increase the detection limit, 
we introduced high gradient immunomagnetic separation 
(HGIMS) (Ryumae et al. 2010).

HGIMS is based on the use of a thin metal magnetic 
material such as a stainless-steel wire, which is used 
as a filter, and increases the magnetic field gradient by 
magnetizing it, efficiently concentrating bacteria (Ryu-
mae et al. 2010, 2012). Figure 11 shows an outline of 
the HGIMS system for detecting cold water pathogenic 
bacteria (Flavobacterium psychrophilum) in ayu. First, 
in the immune reaction tank, F. psychrophilum cells in 
the sample are reacted with immunomagnetic beads that 
specifically bind to them. F. psychrophilum cells bound 
to the magnetic immunomagnetic beads are then mag-
netically transferred to a separation reactor and trapped 
by HGIMS on the stainless-steel filter magnetized by the 
ring magnet. Other bacteria and non-biological particles 

pass through the magnetic filter to a waste liquid tank. 
The ring magnet is then removed to halt the magnetism, 
and target bacterial cells are collected from the filter in 

Fig. 10  Monitoring of DHP concentrations in plasma of test fish. 
Cyclic voltammetry was performed in 5 mM potassium ferricyanide 
with 0.1 M potassium chloride at a scan rate of 100 mV s−1. The volt-
age range was − 0.2 to + 0.6  V. Assay conditions were as follows: 
temperature 30  °C, pH 6.5, and incubation time 10  min. Presented 
are results of the proposed sensor (filled circles) and results of the 
ELISA assay (open circles). Each sample was measured three times. 
Each data point presents the mean value and the error bars show 
the maximum and minimum values [Reproduced from Fig.  6, Hirai 
et al. (2013) Carbon nanotube enhanced label-free immunosensor for 
amperometric determination of oocyte maturation-inducing hormone 
in fish. Fish Physiol Biochem 39:299–308]

Fig. 11  Schematic diagram 
of the high gradient immuno-
magnetic separation system. 
1 Immunomagnetic beads, 2 
target bacteria, 3 buffer tank, 4 
reaction vessel, 5 micro pump, 
6 magnetic separation reac-
tor, 7 ring magnet, 8 magnetic 
filter, 9 remaining sample tank, 
10 waste tank [Modified from 
Fig. 1, Ryumae et al. (2010) 
Rapid and highly sensitive 
detection of Flavobacterium 
psychrophilum using high gradi-
ent immunomagnetic separation 
with flow cytometry. Aquacul-
ture 309: 125–130]
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the sample tank within the buffer solution, for which the 
valve opening is adjusted. Because only concentrated 
target bacterial cells accumulate in the sample tank, the 
measurements are expected to be more sensitive than 
those achieved with commonly used FCM or PCR (Chil-
monczyk and Monge 1999; González et al. 2004).

The HGIMS concentration method is characterized by 
a filter with a mesh diameter that can be increased. The 
conventional membrane filter typically used for bacteria 
has a mesh diameter smaller than that of the microor-
ganism (1–10 μm) that it physically traps and separates; 
bacterial cells can clog the mesh, thus high pressure is 
required for fluid transfer. In this method, the magnetic 
field gradient increases with the mesh diameter of the 
stainless-steel filter, and the magnetic force increases 
accordingly. Consequently, since the mesh size can be 
set to 100–500 μm, transfer at low pressure becomes pos-
sible, and clogging by the sample is also less likely to 
occur. Furthermore, because the immunomagnetic beads 
deposited on the filter can be separated by blocking the 
magnetic field, the bacterial cells can be easily released.

When attempting to detect F. psychrophilum using 
FCM by concentrating the bacterial cell sample accord-
ing to the above-mentioned method, a good correlation 
was found between measured values for bacterial cell 
concentrations in the range of  101 to  105 colony-forming 
units (CFU) ml−1(Ryumae et al. 2010). The time required 
for measurement by FCM was 1 min, and it was possible 
to complete the measurement within 150 min, including 
the time for sample pretreatment. By combining HGIMS 
and FCM in this way, extremely rapid measurement of F. 
psychrophilum is possible. When bacteria were concen-
trated using the HGIMS system and detected using PCR, 
the expected size band (346 base pairs) was in the range 
of 4 × 10−1 to 4 × 103 CFU ml−1 (Ryumae et al. 2012). 
In other words, highly sensitive detection of F. psychro-
philum at density of  10−1 CFU ml−1 could be realized. 
The time required for detection when using HGIMS/PCR 
method was about 3.5 h, including the sample pretreat-
ment time.

For F. psychrophilum measurement, the limit of 
detection of the conventional method without HGIMS is 
 104 CFU ml−1 with FCM and  103 CFU ml−1 with PCR. 
Using our proposed HGIMS system, the detection sensi-
tivity was improved 1000-fold for FCM and 10,000-fold 
for PCR. This system can efficiently concentrate bacterial 
cells in a sample containing contaminants such as those 
commonly seen in fish farms and rivers, and the con-
centrated sample can be applied to both FCM and PCR. 
For FCM, it is possible to perform rapid and quantitative 
measurements of the number of bacteria in only 1 min; 
for PCR, extremely sensitive detection can be achieved 
with as few as 4 × 10−1 CFU ml−1.

Measurement of other important 
physiological indicators of fish health

Many studies on fish physiology have used concentrations 
of blood plasma components to determine the condition 
of fish. For example, changes in the plasma whole choles-
terol concentration were used to analyze the immunity, 
effect of toxins, metabolism, and sperm function in target 
fish (Maita et al. 1998a, b). Measurement of the whole 
cholesterol concentration is important as an indicator of 
the state, metabolism, and reproduction of fish; more in-
depth studies on whole cholesterol concentration might 
further improve aquaculture methods. l-Lactic acid is the 
final product of sugar metabolism and the glycolytic path-
way caused by a reduction in pyruvic acid due to catalysis 
by lactic acid dehydrogenase. Blood l-lactic acid levels 
increase in fish exposed to transport stress (Hur et  al. 
2007), pesticides (Kamalaveni et al. 2003), and sublethal 
concentrations of waste residues from distillation pro-
cesses (Ramakritinan et al. 2005).

We have developed FIA biosensor systems for these 
indicators similar to the glucose sensor developed using a 
corresponding enzyme several years ago (Endo et al. 2003, 
2009b). At that point, some wireless biosensor systems for 
the determination of whole cholesterol concentration were 
developed (Yoneyama et al. 2009; Takase et al. 2014). 
We used a highly sensitive CNT to enhance sensor sensi-
tivity for the real time monitoring of total cholesterol in 
free-swimming fish (Taogesi et al. 2015). The dynamic 
range matched the range of cholesterol concentrations in 
fish (50–300 mg dl−1). Changes in total cholesterol con-
centration could be continuously monitored for 26 h in 
free-swimming fish using this sensor. We also developed 
a biosensor system to continuously monitor l-lactic acid 
concentrations in fish (Hibi et al. 2012b). EISF was used 
as the site of sensor implantation. The blood l-lactic acid 
concentrations correlated closely with the EISF l-lactic 
acid concentrations. Wireless monitoring of l-lactic acid 
was performed using the sensor in free-swimming fish. 
The sensor response was stable for over 60 h. We believe 
that these sensors can be applied to studies of fish physiol-
ogy to deepen our knowledge of fish cultivation, leading 
to improvements in aquaculture.

Future studies

In the process of conducting the above research, we 
received many requests from academics worldwide for 
the use of these developed biosensors for basic research 
on fish stress responses in university research laboratories 
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and aquaria. These biosensor systems are very promising 
not only for use in fish farms but also for fish research con-
ducted in laboratory-scale small water tanks. In a recent 
study, we aimed to construct a new biosensor system that 
can easily discriminate between stress responses in fish, 
even in seawater (Shinoda et al. 2017). Because seawater 
greatly attenuates radio waves, which our proposed trans-
mitters use, the range of fish species that can be equipped 
with our biosensors system is limited. Also, to be able to 
assess stress responses using a more intuitive output, we 
developed a method of visual output to indicate the level of 
stress (Wu et al. 2019). Specifically, we constructed a bio-
sensor capable of electrochemically measuring a change in 
the concentration of an electrode-active substance gener-
ated by an enzyme reaction on a substrate, such as glucose, 
using a light-emitting diode (LED) combined with optical 
communication technology to transmit information about 
the level of activity of the substance (Wu et al. 2019). In 
this system, green, for example, indicates that a fish is 
in a normal, unstressed state, yellow indicates a slightly 
increased level of stress, and red indicates a high level of 
stress.

The LED changed color according to the output volt-
age, confirmed by changing the EISF glucose concentration 
to 50 mg dl−1, 100 mg dl−1 and 200 mg dl−1 (Fig. 12a). 
The results indicated that the sensor responded quickly to 
a change in the glucose concentration, with the LED color 
changing in real time according to this change. Thus, the 
LED controller can alter the LED color in accordance with 
the settings in vitro, i.e., the color-switching circuit of this 
system responded to the output current/voltage of the sensor 
and effectively provided a visual indication of the magnitude 
of the stress response.

We applied this system to Nile tilapia and attempted to 
visualize the stress response in vivo. Increasing the dissolved 
ammonia concentration in the breeding water as a stressor 
led to an increase of the output current/voltage of the sensor, 
confirming that the LED color changed based on the preset 
threshold values, as shown in Fig. 12b. In addition to quan-
titatively measuring the glucose level, a photoreceiver was 
attached near the surface of the water for optical communi-
cation with the LED. The glucose concentration measured 
by the sensor system strongly correlated with the blood glu-
cose level measured using the conventional method. These 
results confirmed that the proposed biosensor system could 
monitor the stress response and visualize the stress level 
in freely swimming fish in real time, allowing investigators 
to evaluate fish stress. We also examined the sensor com-
munication range in air and in water (fresh water or seawa-
ter), and found that it was possible to communicate within 
essentially the same range in air and in water, i.e., the system 
can be used not only in fresh water, but also within the sea-
water scale of salinity. Therefore, the system can be used 

to monitor fish stress responses and aid the physiological 
research of fish, e.g. to monitor the effects of an overcrowded 
breeding environment on fish health.

Fig. 12  Monitoring the glucose concentration by a light-emitting 
diode (LED) color-switching biosensor system. a Evaluation of 
LED color-switching system performance (in vitro). Arrows indi-
cate the moment of addition of the glucose standard: I 50 mg dl−1, II 
100 mg dl−1, III 200 mg dl−1. b Monitoring the effects of a change in 
the concentration of the stressor, ammonia, from 0.25 to 25 mg  l−1. 
Glucose concentrations in the blood plotted as black circles [Repro-
duced from Fig.  5, Wu et  al. (2019) real time fish stress visualiza-
tion come true: a novel multi-stage color-switching wireless biosen-
sor system. Biosens Bioelectron 130: 360–366], [reproduced from 
Fig. 6b, Wu et al. (2019) Real time fish stress visualization come true: 
a novel multi-stage color-switching wireless biosensor system. Bios-
ens Bioelectron 130: 360–366]
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Our proposed biosensor system allows for real time moni-
toring of fish stress, and provides both numerical data and 
visualized results. Some limitations regards the applicability 
of the sensor, however, must be overcome. Currently, the 
system must be calibrated by manipulating the electronic 
circuit, and requires further simplification. In addition, it 
is not yet possible to identify the stress level of individual 
fish. To address these issues, our future research will focus 
on further improving the communication aspects and cali-
bration of the method, and controlling the feedback from 
the electronic circuit using computer software instead of the 
transmitter itself, through new communications technology.

As discussed above, biosensors can be used for the evalu-
ation of fish health. We believe that these techniques can 
be of great benefit to the aquaculture industry, as well as to 
some research fields, e.g., fish physiology and fish behavior. 
We will continue to work on miniaturization of the biosen-
sor and enhancing its sensitivity and durability. We will also 
try to combine the described sensor with physical sensors, 
such as thermometers and accelerometers, and technologies 
like the Global Positioning System, to enable a better, more 
comprehensive assessment of fish health.
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